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Nanoscopic imaging or characterizing is the mainstay of the development of advanced materials. Despite great progress
in electronic and atomic force microscopies, label-free and far-field characterization of materials with deep subwavelength spatial resolution has long been highly desired. Herein, we demonstrate far-field super-resolution transient
absorption (TA) imaging of two-dimensional material with a spatial resolution of sub-50 nm. By introducing a donutshaped blue saturation laser, we effectively suppress the TA transition driven by near-infrared (NIR) pump–probe
photons, and push the NIR-TA microscopy to sub-diffraction-limited resolution. Specifically, we demonstrate that our
method can image the individual nano-grains in graphene with lateral resolution down to 36 nm. Further, we perform
super-resolution TA imaging of nano-wrinkles in monolayer graphene, and the measured results are very consistent
with the characterization by an atomic force microscope. This direct far-field optical nanoscopy holds great promise to
achieve sub-20 nm spatial resolution and a few tens of femtoseconds temporal resolution upon further improvement and
represents a paradigm shift in a broad range of hard and soft nanomaterial characterization. © 2020 Optical Society of
America under the terms of the OSA Open Access Publishing Agreement
https://doi.org/10.1364/OPTICA.402009

1. INTRODUCTION
Far-field optical super-resolution microscopy has been routinely
adopted for biological imaging with extraordinary resolution
beyond the diffraction limit [1,2]. Despite the tremendous scientific advances and successes made, the current super-resolution
microscopy critically relies on various fluorescent labels and exogenous dyes, and the applications are limited mainly in fluorescent
labeled cells and tissues, followed by challenges in sample preparation, label toxicity, photo-bleaching and auto-fluorescence,
inevitably [1,3]. In other research fields, especially for material science, the usage of scanning electron microscopy (SEM),
transmission electron microscopy (TEM), scanning tunneling
microscopy (STM), atomic force microscopy (AFM), and nearfield scanning optical microscopy (NSOM) [4,5] is very prominent
and successful for high-resolution imaging. Nevertheless, these
imaging processes typically require strict surface cleaning, timeconsuming sample preparation, mostly tedious operation, and
even specific environments, such as high vacuum. Although the
2334-2536/20/101402-06 Journal © 2020 Optical Society of America

direct optical super-resolution imaging could be undoubtedly
advantageous over traditional nanoscopies, feasible far-field optical
alternatives with comparable spatial resolution remain elusive.
Without labels, far-field spontaneous Raman spectroscopy may
screen artifacts on materials with definitive analytical details, but
the image resolution is limited well above ∼200 nm, far from ideal.
To achieve better spatial resolution, pump–probe [6–8], coherent
Raman scattering (CRS) [9–14], and other microscopies [15–18]
have been proposed. With persistent pursuits, higher-order nearinfrared (NIR) coherent anti-Stokes Raman scattering (CARS)
microscopy has realized vibrational super-resolution imaging of
unlabeled cells with spatial resolution ∼190 nm [19]. An extension
of pump–probe microscopy based on the saturation effect [20,21]
demonstrated super-resolution imaging of two-dimensional (2D)
material with spatial resolution approaching ∼100 nm [22,23].
However, there is still a huge gap for far-field optical imaging and
nanostructures in materials.
Here, we achieve sub-50 nm super-resolution transient absorption (TA) nanoscopy by applying a very effective saturation laser
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at a visible wavelength. In previously reported saturation-based
TA super-resolution modalities [22,23], the photon energy of the
saturation laser was at a level similar to applied NIR excitation
lasers. In our method, the wavelength of saturation photons is for
the first time tuned to the visible range, by which the saturation
laser can effectively clear the electronic population in the valence
band of graphene and significantly suppress the efficiency of the
NIR-TA process. We demonstrate super-resolution imaging of
individual nano-grains on graphene with lateral resolution down
to 36 nm, and the achieved spatial resolution is comparable even
to near-field images [24]. By saturated TA nanoscopy (STAN), we
also characterize the nano-wrinkles in monolayer graphene, which
are in great consistency with the corresponding AFM image. In
the future, STAN has great potential to achieve sub-20 nm spatial
resolution upon further improvement and serves a broad range of
nanomaterial characterizations.
2. RESULTS AND DISCUSSION
The proposed super-resolution STAN system is modified on the
conventional saturated TA microscope (details in Experimental
Section, Supplement 1). Figure 1(a) illustrates the principle of the
STAN system. The superimposed pump, probe, and saturation
lasers are focused on the graphene sample by an objective with 1.49
numerical aperture (NA). Because the TA process is induced in the
very center of the focused spot, the probe laser will respond to the
modulation of the pump laser. However, in the peripheral region
of the focused spot, the process of TA is significantly suppressed
due to the presence of the saturation donut-shaped 451 nm laser,
which leads to elimination of the modulation response in the probe
beam. As a result, the lock-in signal detected in the probe beam
reflects only the TA signal arisen from the very center of the laser
focus. Specially, the 451 nm saturation photons possess higher
energy than NIR-TA photons, which results in very effective depletion of electrons in the valence band of the monolayer graphene
[Fig. 1(b)]. The diagram depicting the optical transitions of STAN
and other super-resolution NIR systems is shown in Fig. S1,
Supplement 1. We found that the saturation laser with higher photon energy relative to that of the pump and probe lasers is the most
key factor responsible for improved spatial resolution, other than
the saturation intensity. As shown in Fig. S1(a), Supplement 1, the
electrons in graphene can undergo interband photoexcitation from
the valence band to the conduction band upon laser excitation.
The photoexcited carriers further experience carrier relaxation
through several intraband and interband relaxation channels.
Upon excessive or saturated photon excitation, the electrons in the
valence band near the Dirac point can be effectively depleted due
to Pauli blocking and band filling, [25–28], and the concentrated
holes and electrons near the Dirac cone will block further absorption of photons and transient transition with less energy within the
band edge. Thus, the saturation photons with higher energy are the
key factor to raise this saturation band edge. As a result, the adopted
high-energy saturation photons in the donut-shaped ring will
ensure very effective TA saturation and further enhancement of the
imaging resolution. Meanwhile, the shorter wavelength applied for
the saturation laser will also result in a smaller donut-shaped ring
and contribute to an improvement in spatial resolution.
As shown in Fig. 1(c), a dual-output femtosecond laser system
provides two phase-locked lasers for the pump beam at 1040 nm
and probe beam at 902 nm. Meanwhile, the 902 nm probe beam
is split to generate the saturation laser at 451 nm by a frequency

Fig. 1.
Schematic of saturated transient absorption nanoscopy
(STAN). (a) Principle of STAN system. Pump, probe, and donut-shaped
saturation lasers are superimposed and focused on graphene sample. Due
to the significant transient absorption (TA) suppression in the saturated
donut-shaped region of the focus, lock-in detection of the probe laser
reflects only the TA signal arisen from the very center of the laser focus.
(b) Energy diagrams of TA and STA transition in graphene. (c) Real experimental schematic diagram of the STAN setup. HWP, half-wave plate;
PBS, polarization beam splitter; AOM, acousto-optic modulator; TD,
time delay; DM, dichroic mirror; PM-SM fiber, polarization-maintaining
single-mode fiber; QWP, quarter-wave plate; VPP, vortex phase plate; SU,
scanning unit; SL, scanning lens; TL, tube lens; OB, objective; OC, oil
condenser; BF, band-pass filter; PD, photodiode.

doubling beta-barium borate (BBO) crystal. After spatial filtering
by a 25 nm diameter pinhole, the saturation laser is engineered to
donut shape with a vortex phase plate (VPP) and further collinearly
combined with pump–probe lasers, which are spatially filtered
by a 0.3 m long polarization-maintaining single-mode (PM-SM)
fiber (Fig. S2, Supplement 1). Prior to the laser scanning by a 2D
galvanometer, the pump beam is modulated in intensity for further lock-in detection, and two independent time-delay lines are
adopted to match the pulse delays among pump, probe, and saturation lasers. Further, we characterize the laser scanning performance
of the donut-shaped saturation laser by imaging 80 nm gold beads
(Fig. S3, Supplement 1).
First, we characterized the saturation efficiency by measuring
pump–probe spectra and saturation responses depending on the
laser power of a Gaussian mode saturation pulse (pulse width measured in Fig. S4, Supplement 1). As shown in Fig. 2(a), we tuned
the timing of the 451 nm saturation laser pulse relative to the pulse
of pump–probe lasers, and measured the TA signal depression.
After the 451 nm saturation laser was introduced, the saturation
effect appeared as the pulse was ∼4 ps ahead of the pump–probe
process, and disappeared completely after ∼1 ps behind. To validate the maximum inhibition, we investigated the saturated TA
spectra dependent on the saturation laser power. As shown in
Fig. 2(b), the normalized TA signal was suppressed significantly as
the saturation power increased from 0 to 24 mW. The theoretical
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Fig. 2.
Saturation characterization of TA process in graphene.
(a) Suppression of TA signal at different delays of saturation pulse with
respect to pump–probe pulse. (b) TA spectra attenuation at different
saturation laser powers. (c) TA signal suppression as a function of the
saturation power. The curve is fitted by Eq. (1). (d) TA, STA images and
saturation-switching response of monolayer graphene. Scale bars, 5 µm.

model of saturated absorption in graphene has been well studied
and can be written as [22,29]
ISTA /ITA ∝ 1/(1 + Psat. /P0 ),

1404

Fig. 3. Super-resolution imaging of nano-grains in graphene. (a) TA
image shows diffraction-limited resolution of ∼453 nm, while STA
images with increasing saturation power show improving resolution down
to ∼36 nm. This is a more than 12-fold enhancement of resolution. Scale
bars, 5 µm. (b) Zoom-in images of areas indicated by yellow arrows in
(a). Scale bars, 1 µm. (c), (d) Cross-section profiles of the selected grain
in (b). (e) Zoom-in images of areas indicated by orange arrows in (a).
Scale bars, 1 µm. (f ) Normalized intensity profiles along the lines in (e).
(g)–(i) Measured FWHM, SNR, and SBR of grain 1 and grain 2 as a
function of saturation laser power, respectively.

(1)

where ISTA /ITA is the ratio of STA to TA signal, Psat. is the saturation laser power, and P0 is the saturation laser power as the TA
signal drops to half. In Fig. 2(c), we depict the dependence of the
ISTA /ITA on the saturation power. By fitting the data via Eq. (1),
we obtained the value of P0 to be 1.55 mW under the condition
of a 2.5 mW pump laser and 3 mW probe laser. P0 is about half
the power of the excitation laser, which is much smaller than
that in the NIR-STA system [22]. As the saturation power was
increased to 14 mW, the saturation efficiency gradually reached
∼92%. Figure 2(d) illustrates the saturation-switching response
of monolayer graphene. The TA signal always retrieved ∼100% as
the 6 mW saturation laser was repeatedly applied on the graphene
for 10 min during imaging. The saturation laser power increasing
to 17 mW was also tested in Fig. S5, Supplement 1, and the results
indicate that STAN possesses a high photo-damage threshold.
In addition, both the STA and TA signals are proportional to the
probe and pump lasers (Fig. S6, Supplement 1). But the saturation
efficiency will decrease significantly with the TA signal. Thus,
the relative weak laser power of about 2–3 mW is chosen for both
pump and probe lasers in further super-resolution STA imaging.
Figure 3(a) presents the super-resolution STA images of nanograins in graphene with gradually increased saturation laser power.
Here, the laser powers of both pump and probe beams were fixed
at 3 mW. In the absence of the donut-shaped saturation laser, the
sizes of indicated nano-grains (arrows in blue and yellow) were
measured to be 455 ± 27 nm and 453 ± 40 nm, respectively,
which were defined by full width at half maximum (FWHM).
As the saturation laser power was gradually increased to 14 mW,

we found that the measured sizes of the same grains reduced to
44 ± 11 nm and 42 ± 7 nm [zoom-in images in Fig. 3(b)], respectively, and also the TA signals decreased three to five folds. A direct
comparison of the intensity profiles is presented in Fig. 3(c). The
complete dataset is shown in Fig. S7, Supplement 1. Significantly,
the spatial resolution of STA imaging improved to 36 nm when
the saturation power was further increased to 15 mW [zoom-in
image in Fig. 3(b) and intensity profile in Fig. 3(d)]. At this point,
the grain in the image was still distinguishable, but the signal-tobackground ratio (SBR) and signal-to-noise ratio (SNR) of this
grain decreased to 0.8 and 2.4, respectively. In a direct comparison
shown in Figs. 3(e) and 3(f ), the STA image exhibits a substantially
higher spatial resolution, where we can visualize three individual
grains placed side by side rather than one larger elliptical spot
appearing in the corresponding TA image. It is worth noting that
the enhanced resolution compared with previous work [22,23] is
due to the combination of effects of more efficient saturation and
reduced saturation laser wavelength. Figure 3(g) shows that the
measured grain width decreased gradually with the applied saturation laser power. The repeated experiments and results are shown
in Fig. S8, Supplement 1. We also analyze both SNR and SBR of
the measured grain signals in Figs. 3(h)–3(i). In the absence of the
saturation laser, the widths of grains were measured to be ∼450 nm
with SBR and SNR of their intensity profiles about 1.8 and 5.5,
respectively. As 14 mW saturation laser was applied for superresolution imaging, the measured width of grains were reduced
to ∼42 nm with SBR of ∼0.8 and SNR of ∼2.5, in which the
signals were just above the noise and background. The definition of
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Fig. 4. Super-resolution imaging of nano-wrinkles in graphene. (a), (b) STA and TA images of monolayer graphene demonstrate the much higher resolution of the STA method. (c) Measured intensity profiles of the selected nano-wrinkles in (a) and (b), indicated by white arrows. Scale bars, 5 µm. (d),
(e) Zoom-in STA (d) and TA (e) images corresponding to boxed regions in (a) and (b). (f ) AFM image of the same areas as (d) and (e). Inset: cross-sectional
height profile of the same nano-wrinkle indicated by the arrow. Scale bars, 1 µm.

the error bars is described in detail in the Experimental Section of
Supplement 1. Thus, the further improvement of imaging resolution can be achieved by reducing TA noise or promoting detection
sensitivity of the instrumentation. Meanwhile, the higher saturation laser power may not improve the resolution due to further
suppression of TA signal. In addition, the potential photodamage
caused by higher laser power is another major constraint for better
spatial resolution.
With enhanced spatial resolution, we demonstrated superresolution STA imaging of nano-wrinkles in monolayer graphene.
Here, the graphene film was fabricated on a coverslip through a
commonly used wet transfer method (see details in Experimental
Section, Supplement 1). The non-uniform strain in the wrinkled
region induces a modulated Dirac cone band structure [30,31]
and funnel effect [32], and the photogenerated carriers migrate
towards the center of the wrinkles, leading to enhanced carrier density, which contributes to the stronger TA signal in the wrinkled
region compared with that of flat graphene. As shown in Figs. 4(a)
and 4(b), the TA imaging and corresponding super-resolution
STA imaging were performed in the same region of the graphene.
As a direct comparison, the STA image exhibits a significantly
improved spatial resolution and image contrast. To prove the
resolution enhancement, we plot and compare the intensity profiles of a nano-wrinkle, indicated by arrows in Figs. 4(a) and 4(b).
The Gaussian fitted FWHM of the nano-wrinkle was found to
be 445 nm in the TA image and 61 nm in the super-resolution
STA image [Fig. 4(c)]. Since the background is due to monolayer
graphene, the intensity profile of STA presents SBR similar to TA,
but much lower signal intensity (about three times attenuation).
Here, the powers of pump, probe, and saturation lasers were set
to be 2.5 mW, 2.5 mW, and 6 mW, respectively. Further in the
boxed zoom-in region of Fig. 4(a), we directly compare STA and
TA images [Figs. 4(d) and 4(e)] with the corresponding AFM
image [Fig. 4(f )]. As a result, AFM confirmed that the investigated
feature was a nano-wrinkle with FWHM of 18 nm and height of
∼6 nm (Fig. S9, Supplement 1). Since the measured width of the

nano-wrinkle can be interpreted as the convolution of the effective
point spread function (PSF) of the imaging system and the actual
size of the sample, the resolution of our super-resolution STA
nanoscope is calculated to be ∼58 nm. Except for nano-wrinkles,
graphene defects including grain boundaries, holes, multilayers,
and edges can also be imaged with fine details by a super-resolution
STA nanoscope (Fig. S10, Supplement 1). Thus, we proved that
the proposed STA imaging method can significantly improve the
spatial resolution in contrast to conventional TA microscopy.
In principle, the STAN can be applied to any 2D materials with
a saturation effect. For different materials, one can experimentally
tune the photon energy of the saturation laser according to the
different bandgaps and achieve the most efficient saturation. To
validate it, we further explored other 2D materials, including
molybdenum ditelluride (MoTe2 ) and black phosphorus (BP).
MoTe2 , as a promising nonzero bandgap 2D material, also exhibits
efficient saturation suppression and high photostability and is
well suited for super-resolution imaging by the STAN system
[Fig. S11(a), Supplement 1, including TA, STA images, and measurements of saturation response to fast switching lasers]. We also
checked the performance of BP. Although BP is a type of saturable
material and applicable to the STAN system, it is not very stable
under laser excitation, possibly due to photo-oxidation at ambient
conditions [33], and suffers from photodamage with a threshold of
< 2 mW [Fig. S11(b), Supplement 1]. To alleviate the photodamage introduced to this type of sample, one could experimentally
control the gas environment and broaden the pulse width of the
saturation laser to reduce the peak power.
3. CONCLUSION
In conclusion, we have demonstrated a super-resolution far-field
optical nanoscopy with spatial resolution of 36 nm for the first
time. By using a short wavelength and donut-shaped saturation
laser, the photons with higher energy can effectively terminate the
TA process driven by NIR pump and probe lasers, and hence allow

Research Article
about three-fold enhancement in spatial resolution compared
with the previous record of ∼100 nm. To verify the actual spatial
resolution achieved, we performed STA imaging of nano-grains
and nano-wrinkles in monolayer graphene. We confirmed that
the imaging resolution of the proposed method can reach 36 nm
with ample SNR of 2.4 and SBR of about 0.8. For further study,
we believe better spatial resolution can be achieved by enhancing
detection sensitivity or shorter wavelength of TA lasers, instead of
elevating the laser powers. The higher pump–probe laser power
can promote TA signal sufficiently, but the saturation efficiency
is bound to decline. On the other hand, the increased saturation
laser power is beneficial to improve the spatial resolution, but the
TA signal will be suppressed significantly as well. All in all, the
developed far-field super-resolution STAN is well suited for fast
morphological and electrical characterization of 2D materials with
significantly reduced requirements for sample preparation and
imaging environment. We envision that this optical nanoscope
will be partially substituted for AFM, SEM, and NSOM for highresolution imaging and identification of nanostructures in material
science and applications.
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